The mechanisms underlying dopamine agonist-induced dyskinesia in Parkinson's disease remain poorly understood. Similar to patients, rats with severe nigrostriatal degeneration induced by 6-hydroxydopamine are more likely to show dyskinesia during chronic treatment with unselective dopamine receptor agonists than with D2 agonists, suggesting that D1 receptor stimulation alone or in conjunction with D2 receptor stimulation increases the chances of experiencing dyskinesia. As a first step towards disclosing drug-induced brain activation in dyskinesia, we examined the effects of dopamine agonists on behavior and blood oxygenation level-dependent (BOLD) signal in the striatum and motor cortex of rats with unilateral nigrostriatal lesions. Rats were rendered dyskinetic before pharmacologic functional magnetic resonance imaging by means of a repeated treatment regime with dopamine agonists. The unselective agonist apomorphine and the selective D1/D5 agonist SKF-81297 induced strong forelimb dyskinesia (FD) and axial dystonia and increased BOLD signal in the denervated striatum. Besides, SKF-81297 produced a significant but smaller BOLD increase in the intact striatum and a symmetric bilateral increase in the motor cortex. The D2 family agonist quinpirole, which induced mild dyskinesia on chronic treatment, did not produce BOLD changes in the striatum or motor cortex. Further evidence to support an association between BOLD changes and dyskinesia comes from a direct correlation between scores of FD and magnitude of drug-induced BOLD increases in the denervated striatum and motor cortex. Our results suggest that striatal and cortical activation induced by stimulation of D1/D5 receptors has a primary role in the induction of peak dose dyskinesia in parkinsonism.
INTRODUCTION
Parkinson's disease (PD) is caused by a progressive degeneration of nigrostriatal dopaminergic pathways. Chronic administration of drugs that stimulate striatal dopamine receptors produce symptomatic relief in this condition. However, disabling motor complications, notably dyskinesia, develop in as much as 50% of patients treated for 5 years or longer (Obeso et al, 2000) . Yet, the mechanisms underlying dopamine agonist-induced dyskinesia remain poorly understood.
In patients, the severity of nigrostriatal degeneration, the duration of antiparkinsonian drug therapy and the pharmacokinetics and pharmacodynamics of antiparkinsonian drugs influence the probability of developing dopamine agonist-induced dyskinesia (Nutt, 2000) . On repeated administration, unselective dopamine agonists with short half-lives in plasma are more likely to induce dyskinesia than D2 receptor agonists with long half-lives in plasma (Nutt, 2000) . Less is known about the dyskinetogenic potential of D1/D5 receptor agonists; yet, it seems that they are able to induce dyskinesia in patients (Rascol et al, 2001) .
Recent findings show that rats with unilateral nigrostriatal degeneration induced by 6-hydroxydopamine (6-OHDA) exhibit spontaneous motor deficits and dopamine agonist-induced abnormal involuntary movements (AIMs) that share functional similarities with PD akinesia and dopamine agonist-induced dyskinesia . In rodents, the susceptibility to develop dyskinesia is related to the extent of dopamine axon terminal loss in the striatum and to the nature of drug treatment in a way that closely resembles the situation in patients. Repeated exposure to dopamine agonists increases the likelihood of developing dyskinesia, and unselective dopamine agonists (apomorphine, levodopa) are more likely to induce dyskinesia than selective D2 family receptor agonists (bromocriptine, quinpirole) in severely lesioned rats (Lundblad et al, 2002; Winkler et al, 2002; Delfino et al, 2004) . Taken together, data from patients and animal models suggest that sensitization of striatal neurons to D1 and/or combined D1 and D2 receptor stimulation contribute to drug-induced dyskinesia.
Monitoring brain activity changes induced by selective and unselective dopamine agonists in rodent models of PD might help gain insight into the mechanisms underlying dopamine agonist-induced dyskinesia. Functional magnetic resonance imaging (fMRI) allows for indirect assessment of the level of neuronal activity by measuring concomitant changes in blood oxygenation. The so-called blood oxygenation level-dependent (BOLD) signal can be used not only to study activity changes induced by sensory or cognitive stimuli but also changes induced by drugs, a variant that is termed pharmacological fMRI (phMRI). Several studies have been able to demonstrate BOLD signal increases following administration of non-selective dopamine agonists in animal models of PD (Chen et al, 1997 (Chen et al, , 1999 Nguyen et al, 2000; Kalisch et al, 2005) . The value of this technique is demonstrated by the contrasting effects that apomorphine and the dopamine releasing compound amphetamine have on behavior and basal ganglia signal in rats with unilateral nigrostriatal lesions induced by 6-OHDA. Apomorphine induces contralateral turning behavior (an index of striatal denervation supersensitivity) and accordingly increases the BOLD signal on the lesioned side, whereas amphetamine produces ipsilateral turning (related to the extent of nigrostriatal damage) and increases BOLD on the intact side (Ungerstedt, 1976; Chen et al, 1997; Nguyen et al, 2000) . This consistency between lateralized BOLD signal changes and well-characterized neurophysiological effects motivated us to compare, by means of phMRI, different selective and non-selective dopamine agonists in rats with unilateral nigrostriatal damage. We aimed to assess their acute effects on striatal and motor cortex activation as well as the effect of repeated preexposure to dopamine agonists on acute dopamine agonistinduced activation changes in these rats. This was accompanied by quantification of drug-induced dyskinetic behavior. We predicted that the non-selective agonist apomorphine and the D1/D5 selective agonist SKF-81297 would induce stronger activation in (ipsilateral) striatum and motor cortex as well as stronger dyskinesia than the D2 selective agonist quinpirole upon acute administration. We further predicted that pre-exposure would enhance these effects. Confirmation of these predictions would establish a direct link between the behavioral phenomenon of dyskinesia and a pharmacological response of the motor system.
MATERIALS AND METHODS
Forty-two male Wistar rats (298741 g) purchased from Charles River (Germany) were used for the experiments. They were kept in groups of three per cage in a temperature-controlled room (211C) with a 12:12 h lightdark cycle (lights on at 0700 hours) and ad libitum access to food pellets and tap water.
6-OHDA Lesion
All rats received a unilateral 6-OHDA injection in the medial forebrain bundle, which was performed following a published protocol (Murer et al, 1998) . Briefly, rats were pretreated with desipramine (25 mg/kg i.p.) 30-45 min before stereotaxic lesioning, to protect norepinephrine nerve terminals. Under deep surgical inhalatory anesthesia (isoflurane) each rat received an injection of 6-OHDA (3.75 mg/ml, 4 ml/min, in order to produce a severe lesion) into the left medial forebrain bundle (stereotaxic coordinates: 2.8 mm caudal to bregma; 2.0 mm from midline; 8.6 mm ventral from brain surface; tooth bar: À3.3 mm below the interaural line) (Paxinos and Watson, 1986) .
Experimental Design
As our main aim was to compare the ability of different dopamine agonists to induce dyskinesia and BOLD changes in the striatum and motor cortex, it was important to ascertain by functional means that rats were severely lesioned and uniformly supersensitive at the beginning of the study. In 6-OHDA-lesioned rats, depletion of dopamine neurons both in the substantia nigra pars compacta and the ventral tegmental area, as well as striatal dopamine receptor supersensitivity, correlate with the degree of contraversive turning after an apomorphine challenge (Ungerstedt, 1976; Murer et al, 1998; Nguyen et al, 2000) . Therefore, all rats were challenged with apomorphine (0.25 mg/kg, s.c.) 2 weeks after surgery ( Figure 1a ) and contraversive turning was measured. The extent of 6-OHDA-induced damage was further studied by post-mortem immunohistochemistry to detect tyrosine hydroxylase (TH) in striatal sections.
Six weeks after surgery (Figure 1a ), the animals were randomly assigned to one of the following treatments: apomorphine (unselective agonist), quinpirole (D2 family selective agonist), SKF-81297 (D1/D5 selective agonist), or vehicle. Each treatment group was further divided into two subgroups. Subgroup 1 received a dopamine agonist challenge every 3 days for 18 days (seven injections). Behavioral evaluation of AIMs was performed after the first and seventh drug challenges. This repeated pre-exposure schedule maximizes behavioral sensitization to drugs (Morelli et al, 1989 ; see also Delfino et al, 2004 ). An eighth drug challenge was then given 3 days after finishing the sensitization protocol, whereas BOLD was measured using phMRI (groups apomorphine-eighth, n ¼ 6; quinpiroleeighth, n ¼ 6; SKF-81297-eighth, n ¼ 6; vehicle-eighth , n ¼ 3). Subgroup 2 received only a single drug challenge, during phMRI, and no behavioral evaluation of AIMs was performed (groups apomorphine-first, n ¼ 6; quinpirolefirst, n ¼ 6; SKF-81297-first, n ¼ 6; and vehicle-first, n ¼ 3).
The doses used for the behavioral experiments (apomorphine 0.25 mg/kg, quinpirole 0.1 mg/kg, SKF-81297 0.1 mg/ kg, all i.p.) were found in pilot studies to induce comparable rates of contraversive turning behavior (data not shown; see also Delfino et al, 2004) . Dosage was balanced according to rotational behavior because contraversive turning is an index of severe nigrostriatal damage and postsynaptic supersensitivity (Ungerstedt, 1976) , which in turn have been linked to dyskinesia (Nutt, 2000) . Antiparkinsonian effects can be obtained with lower doses of dopamine agonists (Olsson et al, 1995) and there is no correlation between contraversive rotational behavior and improvement in motor disability (Lundblad et al, 2002; Metz and Whishaw, 2002) . Therefore, the drug-induced changes in BOLD described here can be related to dyskinesia. However, it is less clear whether they are related to antiparkinsonian efficacy or not. As most general anesthetics, including isoflurane, diminish neuronal activity, and BOLD responses (for a discussion on this topic see the review by Steward et al, 2005) , we increased the respective doses to 1.25, 0.5, and 0.5 mg/kg (i.p.) for the phMRI sessions. Usage of higher drug doses than in behavioral experiments is in line with earlier studies from our group (Kalisch et al, 2005) and other groups (eg, Chen et al, 1997) .
Behavioral Testing
Apomorphine-induced turning behavior was evaluated 2 weeks after surgery in a circular arena 30 cm in diameter. Full turns were quantified every minute between minutes 5 and 20 after injection. The rats selected for this study displayed mean net contraversive turning rates above 5 per min (Figure 1b) .
AIMs (Cenci et al, 1998; Lundblad et al, 2002; Delfino et al, 2004) were evaluated after the first and seventh drug injections of the sensitization schedule, during 2 min every 30 min, for 2 h post-injection. Forelimb dyskinesia (FD), axial dystonia (AD) and masticatory dyskinesia (MD) were scored separately. Scores go from 0 to 4 (0: no dyskinesia; 1, occasional; 2, frequent; 3, continuous, interrupted by sensory distraction; 4, continuous, not interrupted by sensory distraction). Behavioral tests were performed between 1100 and 1700 hours.
phMRI Methodology
Animals were prepared as described previously (Kalisch et al, 2001) . Briefly, they were orally intubated, mechanically ventilated under 1.5% isoflurane and catheterized (tail artery, tail vein, i.p., s.c.). Pancuronium (Curamed, Germany) was administered i.v. as needed for muscular relaxation but was never given during phMRI scanning to avoid related blood pressure (BP) modulations. Body temperature and expiratory CO 2 were continuously monitored and kept constant throughout the experiment. BP was also monitored continuously via the tail artery. Druginduced BP changes can generate correlated BOLD signal changes, which may mask neurally mediated drug effects on BOLD (Kalisch et al, 2001; Nagaoka et al, 2002; Tuor et al, 2002; Kalisch et al, 2005; Wang et al, 2006) . In order to minimize such BP changes, all animals received domperidone (0.4 mg i.v.; Motilin, BYK, Germany), an antagonist of peripheral D2 family receptors, 10 min before scanning. Furthermore, we used a recently established BP clamping technique (Kalisch et al, 2005) by which BP is kept constant with the help of a continuous i.v. infusion of the adrenergic agonist phenylephrine (PEP; 10 mg/ml in phosphate-buffered saline (PBS); Sigma, Germany). In this method, PEP infusion volumes are continuously adjusted by the experimenter whenever BP begins to deviate from the baseline level. The method has been shown by us to reduce BP confounds and to improve the detectability of non-BPmediated drug-induced BOLD signal changes (Kalisch et al, 2005) .
Scans were performed on a Bruker 7T Avance Biospec 70/30 MRI magnet (Bruker, Germany) with a receive-only saddle-shaped surface coil specially designed for rat brain. Rats showing more than five net contraversive turns per min were randomly assigned to receive a dopamine receptor agonist or vehicle. The resulting four groups showed similar net contraversive turning rates after apomorphine (one-way ANOVA). (c) Post-mortem immunohistochemistry revealed a severe depletion of TH immunoreactive nerve terminals in the striatum in all animals used for the experiments. The picture shows a representative example. Scale bar: 1 mm. Veh: vehicle; SKF: SKF-81297; QP: quinpirole; 6-OHDA: 6-hydroxydopamine.
volumes per min, 180 repetitions (90 min), 32 dummy excitations (1 min). To achieve interindividually comparable striatal scans, a package of 13 axial slices of 1 mm thickness was positioned between the most posterior point of the olfactory bulb as the anterior and the base of the fourth ventricle as the posterior border of the slice package. Inter-slice gaps were adapted individually for each animal to fit the package into these borders, thus accounting for differences in brain size. This way, slices 3 and 4 reproducibly cover the anterior and central part of the striatum, approximately corresponding to , and slice 2 covers a rostral and medial part of the motor cortex, corresponding to Figures 8-10 (Paxinos and Watson, 1986) .
Dummy Scans were acquired before baseline in order to reach signal stability. Apomorphine (Teclapharm, Germany), quinpirole (Sigma), SKF-81297 (Sigma), or 0.5 ml/kg vehicle were injected 15 min after starting image acquisition at a rate of 0.4 ml/min through an i.p. plastic catheter. Image acquisition continued for 75 min postinjection.
Immunohistochemistry
At the end of experiment, anesthesia was deepened and the animal decapitated. Brains were removed, frozen in isopentane at À301C and stored at À801C until processing. The extent of nigrostriatal damage was estimated by means of TH immunohistochemistry performed on striatal sections. Coronal, 20-mm-thick tissue sections were cut at À201C in a cryostat and mounted on gelatin-coated glass slides. After washing with PBS (0.1 M), tissue sections were treated in a blocking solution of 0.1 M PBS containing 2% BSA and 0.3% Triton X-100 (30 min) and incubated overnight at 41C with polyclonal rabbit anti-TH antibodies (P-40101, Pel Freez, Rogers, Arkansas) (working dilution 1:500). Three rinses in PBS were performed before incubating the sections with anti-rabbit IgG (Vector Laboratories) (working dilution 1:250). The antibodyantigen complex was visualized by means of an avidinbiotin peroxidase complex (ABC Elite, Vector Laboratories) and developed with 3,3 0 -diaminobenzidine and H 2 O 2 in Tris Buffer 0.1 M (0.1% w/v and 0.015% v/v, respectively).
Data Analysis and Statistics
Regions of interest (ROIs) in left and right striatum and motor cortex were predefined based on comparison with the atlas of Paxinos and Watson (1986) , using a circular (striatum) and an ellipsoid (motor cortex) template (see Figure 3a1 and a2). Voxel-wise raw BOLD time courses were averaged over these ROIs and drug-or vehicle-induced BOLD signal change was expressed as percentage of the baseline activity during the 15 min preceding drug challenge. No spatial or temporal data smoothing was performed. In some experiments, we observed a progressive linear decrease of the BOLD signal starting approximately 45 post-injection. Such drifts are sometimes observed during long scans (see, eg, Kalisch et al, 2005) but their causes are unclear. As we had no functional hypotheses regarding these drifts, data analysis was restricted to the first 45 min post-injection.
ANOVA was used for statistical comparisons followed by post hoc Least Significant Difference (LSD) tests (Statistica, StatSoft Inc., Tulsa, OK, USA). Pearson correlations were calculated between BOLD signal and behavioral data.
RESULTS
Two weeks after 6-OHDA administration, rats were tested for apomorphine-induced turning behavior and then randomly assigned to a drug treatment or vehicle (Figure 1a) . The resulting four animal groups displayed similar and marked apomorphine-induced contraversive turning (Figure 1b) at rates that were compatible with severe degeneration of the mesotelencephalic dopaminergic pathways (Ungerstedt, 1976) . Post-mortem immunohistochemistry confirmed the existence of an almost complete depletion of TH + axon terminals in the striatum and a severe reduction in nucleus accumbens, on the side ipsilateral to the 6-OHDA injection (Figure 1c ). This is in agreement with previous own results showing 490% reduction of immunoreactivity for TH, dopamine transporter and vesicular monoamine transporter type II in the striatum in the same rat 6-OHDA model (Salin et al, 1997; Murer et al, 1998) .
AIMs Induced by Dopamine Receptor Agonists
To assess the behavioral effects of various dopamine agonists and their modulation by repeated pre-exposure, half of the rats (subgroup 1) were then subjected to an 18-day sensitization schedule with either apomorphine, quinpirole, SKF-81297, or vehicle, and AIMs were measured after the first and seventh drug challenges (Figure 1a) . Previous reports indicated that the non-selective agonist apomorphine is a more potent inductor of AIMs than D2 family agonists (Lundblad et al, 2002; Delfino et al, 2004) . In good agreement with these findings, apomorphine induced strong FD and AD, whereas the D2 agonist quinpirole produced a lower number of AIMs (Figure 2 ). It should be noticed that FD and AD are abnormal movements, so observers hardly ever score one such movement in vehicle controls (Cenci et al, 1998; Lundblad et al, 2002) . Overall, these findings confirm earlier reports by our group (Delfino et al, 2004) showing that quinpirole reliably induced AIMs in rats, which have been primed with apomorphine. Interestingly, and in analogy to the effects of a D1/D5 selective agonist in patients (Rascol et al, 2001) , the D1/D5 selective agonist SKF-81297 also induced marked FD and AD. For MD, only SKF-81297 differed significantly from the other treatments (p ¼ 0.0005 vs apomorphine; p ¼ 0.03 vs quinpirole; p ¼ 0.004 vs vehicle). Note that, in contrast to what happens with AD and FD, normal mouth movements are difficult to discriminate from MD, explaining the nonzero MD scores of the vehicle-treated rats. This suggests that rodent MD could be a less reliable measure of druginduced dyskinesia than FD and AD. Figure 2 shows that FD and AD scores were slightly higher at the seventh than at the first drug challenge for all drug treatments, yet, the sensitization factor only showed trendlevel significance, indicating that only weak or no further sensitization occurred after the first drug challenge, possibly because of the apomorphine challenge the rats had received 2 weeks after 6-OHDA lesioning (Delfino et al, 2004) . As FD and AD did not attain maximum scores at the seventh drug challenge, it seems unlikely that a ceiling effect could have masked the development of behavioral sensitization during repeated drug testing.
BOLD Signal Changes Induced by Dopamine Receptor Agonists
We examined the effects of dopamine agonists on BOLD in the two subgroups of 6-OHDA-lesioned rats (Figure 1a) : the above subgroup 1, in which rats had received seven challenges before being scanned during an eighth challenge, and which could therefore be assessed for AIMs in addition to BOLD (see above; treatment groups apomorphine-eighth, quinpirole-eighth, SKF-81297-eighth and vehicle-eighth); and subgroup 2 in which rats were not previously exposed to drugs (with the exception of the apomorphine challenge 2 weeks after surgery) but received an agonist challenge during phMRI (treatment groups apomorphine-first, quinpirole-first, SKF-81297-first and vehicle-first). The analysis was limited to ROIs in (left and right) striatum and motor cortex for which average time courses were extracted from the images. BOLD signal changes were expressed as percent change relative to the 15-min baseline before drug administration. Throughout the phMRI experiments, BP was controlled with the help of the phenylephrine BP clamping technique (Kalisch et al, 2005) . BP did not differ from baseline in any experimental group (nonsignificant outcome of t-tests for paired data; Figure 3a1 and a2) and was similar in the different animal groups, as assessed by a two-way ANOVA with drug treatment (F (3,34) ¼ 0.38; p ¼ 0.76) and sensitization (F (1,34) ¼ 3.13; p ¼ 0.09) as between-subject factors (interaction: F (3,34) ¼ 2.25; p ¼ 0.1).
Visual inspection of BOLD signal time courses in the preexposed subgroup 1 suggested that both apomorphine and SKF-81297 produced BOLD signal increases, mainly in striatum but also in motor cortex. BOLD signal increases induced by apomorphine were of moderate intensity and restricted to the ipsilateral side. SKF-81297 produced a marked bilateral BOLD signal increase both in striatum and motor cortex, although with preponderance in the side ipsilateral to the lesion (Figures 3 and 4) . By contrast, in subgroup 2, which had not received pre-exposure, only SKF-81297 induced a noticeable BOLD signal change that appeared stronger in the striatum of the lesioned side.
Statistical analysis largely confirmed these results (Figure 4) . Average BOLD signal changes from injection to minute 45, relative to baseline, were subjected to threeway ANOVA with the two between-subject factors drug treatment (apomorphine, SKF-81297, quinpirole, or vehicle) and sensitization (ie, subgroup 1 vs subgroup 2) and the within-subject factor hemisphere. The analysis was carried out separately for striatum and motor cortex. In striatum (Figure 4a1) post hoc LSD tests), and significantly higher on the side ipsilateral to the lesion (po0.0001). The moderate apomorphine-induced increase in BOLD signal was not significantly different from quinpirole or vehicle effects. However, post hoc comparisons revealed a significantly higher effect of apomorphine on the striatum ipsilateral to the lesion (p ¼ 0.003 compared to the contralateral striatum).
In motor cortex (Figure 4b1 ), there were also significant effects of drug treatment (F (3,34) ¼ 7.64; p ¼ 0.0005) and sensitization (F (1,34) ¼ 8.1; p ¼ 0.007) but not of hemisphere (F (1,34) ¼ 1.83; p ¼ 0.18). A drug by sensitization interaction was also significant (F (3,34) ¼ 3.71; p ¼ 0.02). Post hoc comparisons showed that SKF-81297 produced a significant bilateral BOLD signal increase in the pre-exposed subgroup 1 that was stronger than any other treatment in either subgroup (po0.001).
As the strong bilateral BOLD response induced by SKF-81297 could have masked subtle effects of other drug treatments, we performed further analyses on the calculated difference between the ipsi-and contralateral BOLD signal by means of two-way ANOVA with treatment and sensitization as between-subject factors (Figure 4 ). It is believed that an inter-hemispheric difference in BOLD response of 6-OHDA-lesioned rats is correlated to striatal denervation supersensitivity (Nguyen et al, 2000) and therefore can be relevant to understand the mechanisms underlying dyskinesia. This analysis revealed asymmetric BOLD responses to SKF-81297 and apomorphine in striatum (Figure 4a2 ; drug treatment main effect: F (3,34) ¼ 5.86; po0.0024; no significant effect of sensitization and no interaction; post hoc comparisons, p ¼ 0.002 SKF-81297 vs vehicle, p ¼ 0.034 apomorphine vs vehicle). No effects were observed in motor cortex (Figure 4b2 ).
To summarize, the phMRI results showed a higher sensitivity to dopaminergic stimulation with the nonselective agonist apomorphine and the D1/D5 selective agonist SKF-81297. Pre-exposure increased dopamine agonist-induced brain activation, both in the striatum and in the motor cortex. Also, the results seem to suggest a higher sensitivity to dopamine agonists of the striatum relative to the motor cortex. However, because neurovascular coupling and the sensitivity of the employed head coil may vary between brain areas, we refrained from any formal statistical comparison between the two regions.
Correlation between BOLD Signal Changes and Behavior
The above results would be further corroborated by correlations between dyskinesia scores and BOLD signal changes ( Figure 5 ). As there were no significant BOLD signal changes in subgroup 2 (first challenge in phMRI), we restricted the analysis to a comparison of dyskinesia scores from the seventh challenge in subgroup 1 (3 days before phMRI) with BOLD signal changes at the eighth challenge in the same subgroup. In contrast to AD and FD scores, MD scores were not included in the analysis because they had shown only limited value as a measure of dyskinesia in our hands (see above). In contrast to our predictions, AD scores did not correlate with either ipsilateral or contralateral BOLD signal changes in either striatum or motor cortex. However, FD scores correlated significantly with BOLD increases in the denervated striatum (r ¼ 0.52, p ¼ 0.02) and ipsilateral motor cortex (r ¼ 0.53, po0.016), but not with contralateral changes. The correlations with BOLD signal changes in the lesioned side were significantly higher than the correlations with contralateral changes. Given the small number of animals included in this study, the presence of significant and lateralized correlations with one of two employed behavioral measures can be regarded as a further corroboration of our results.
DISCUSSION
The effects of different dopamine agonists on behavior and on BOLD contrast in the striatum and motor cortex were analyzed in rats having chronic unilateral nigrostriatal lesions. On repeated administration, the non-selective dopamine agonist apomorphine and the D1/D5 agonist SKF-81297 induced strong dyskinesia of the trunk and forelimb contralateral to the lesion and increased BOLD in the ipsilateral striatum, whereas the selective D2 family agonist quinpirole, which induced mild AIMs, did not produce significant striatal BOLD changes. We further showed that there is a direct correlation between the magnitude of striatal and motor cortex BOLD responses and the severity of contralateral abnormal forelimb movements evoked by the drugs.
D1/D5 Dopamine Receptor Agonists are More Powerful Inductors of AIMs Than D2 Family Agonists in Parkinsonian Rats
Susceptibility of 6-OHDA-lesioned rats to develop AIMs is linked to the severity of nigrostriatal damage and the pharmacodynamics and pharmacokinetics of dopamine agonists . In rats with severe nigrostriatal damage non-selective dopamine agonists are powerful inductors of AIMs. In contrast, the D2 family agonist quinpirole induce AIMs only if rats are first 'primed' with apomorphine (Delfino et al, 2004) . Our present findings confirm that D1/D5 agonists can induce AIMs in parkinsonian rodents (Monville et al, 2005) . Studies performed in MPTP-lesioned monkeys are to some extent contradictory on this matter, yet most emphasize that D1/D5 agonists induce significant dyskinesia (Blanchet et al, 1996; Pearce et al, 1999; Goulet and Madras, 2000) and the D1/D5 agonist ABT-431 is as potent as levodopa in inducing dyskinesia in patients (Rascol et al, 2001) . Remarkably, we found that SKF-81297 induced significantly more MD than apomorphine and quinpirole, what is consistent with reports showing that D1/D5 agonists increase oral movements in rats and monkeys with intact dopaminergic pathways (Bedard and Boucher, 1989; Waddington et al, 1995) and produce abnormal dyskinetic oral movements in MPTP-lesioned marmosets (Gnanalingham et al, 1995) . Overall, these findings are well in line with recent research showing altered D1 receptor signaling in the striatum of parkinsonian rats (Gerfen et al, 2002) and MPTP monkeys rendered dyskinetic by chronic levodopa administration (Aubert et al, 2005) , and further support the usefulness of rodent models of PD for the study of dopamine agonistinduced dyskinesia. There are reports regarding dopamine agonists' effects on striatal regional cerebral blood volume (rCBV) and BOLD in 6-OHDA-lesioned rats. Nguyen et al (2000) reported that systemic apomorphine produces a significant rCBV increase in the striatum ipsilateral to a 6-OHDA-induced lesion. Our present findings show that apomorphine induces significant asymmetric striatal activation in severely lesioned rats, which have been sensitized by prior repeated administration of apomorphine, but almost no detectable changes in rats, which have been free of dopamine agonists for 4 weeks before MRI testing. This finding is in line with results by Kalisch et al (2005) showing that apomorphine induced an asymmetric striatal BOLD response in 6-OHDA-lesioned rats, which were 'primed' with an apomorphine challenge 48 h before MRI. It must be noticed that in the experiments of Nguyen et al (2000) 6-OHDA-lesioned rats were repeatedly tested for apomorphine-and amphetamineinduced turning behavior before being examined and that the deployed contrast-enhanced method detects rCBV rather than endogenous BOLD changes and is more sensitive. Further studies are necessary to determine the neurovascular effects of dopamine agonists in drugnaïve parkinsonian rats, yet, it seems possible that the endogenous BOLD technique could not be sensitive enough to detect them. The effects of selective dopamine agonists in striatal and cortical BOLD in 6-OHDA-lesioned rats have not been reported before. Here, they were assessed while maintaining constant BP with the phenylephrine BP clamping technique (Kalisch et al, 2005) , thus avoiding BP-related BOLD artifacts, which can mask or simulate neuronally mediated drug effects (Kalisch et al, 2001) . In normal rats, D2 family agonists increase BOLD in brain regions enriched in D3 receptors, like the nucleus accumbens, but have little if any effect in dorsal striatum and motor cortex (Ireland et al, 2005) . Our present findings showing that quinpirole does not induce BOLD changes in 6-OHDA-lesioned rats are consistent with previous studies establishing that D2 family agonists do not increase 2-deoxyglucose uptake and immediate early gene expression in the striatum of parkinsonian rats (Trugman and Wooten, 1987; Robertson et al, 1989; Paul et al, 1992; LaHoste et al, 1993) . Contrasting with this lack of neuronal activation in the striatum, quinpirole induces mild AIMs and strong turning behavior in 6-OHDA-lesioned rats, which were sensitized to dopamine agonists (present findings and Delfino et al, 2004 ; see also Robertson et al, 1989; Paul et al, 1992) . On the other hand, the D1/D5 agonist SKF-81297 induced a strong striatal and cortical bilateral activation, which was higher in rats repeatedly exposed to the same agonist before MRI examination, and which was significantly higher than that induced by apomorphine. Early studies of 2-deoxyglucose uptake and immediate early gene expression recognized a powerful stimulatory effect of D1/D5 agonists in parkinsonian rats (Trugman and Wooten, 1987; Robertson et al, 1989; Paul et al, 1992; LaHoste et al, 1993) . More recent work emphasized the bilateral effects of D1/D5 agonists on gene expression in the parkinsonian rat brain (Keefe and Gerfen, 1995; Blandini et al, 2003; Taymans et al, 2005) and demonstrated that direct stimulation of D1/D5 receptors in the denervated striatum can activate the motor cortex bilaterally (Keefe and Gerfen, 1995; Blandini et al, 2003) .
Altogether, our data indicate that fMRI can accurately reveal the different patterns of brain activation induced by selective dopamine agonists in parkinsonian rats, which have been repeatedly exposed to dopamine agonists before testing. Our results further indicate that the strong striatal BOLD changes induced by unselective dopamine agonists in parkinsonian rats are probably due to stimulation of D1/D5 receptors and establish that repeated administration of dopamine agonists having an action on D1/D5 receptors sensitizes striatal BOLD responsiveness to a subsequent challenge with these same drugs.
Severity of FD is Related to Striatal and Motor Cortex BOLD Over-Response to Dopamine Receptor Agonists
This is the first study trying to correlate patterns of brain activation and severity of AIMs induced by dopamine agonists in parkinsonian rats. The severity of dyskinesia in the forelimb contralateral to the lesion was linearly correlated to BOLD response in the denervated striatum and motor cortex. In contrast, no correlation was found for AD. This at first glance incongruous observation could be accounted for by different brain substrates underlying different AIMs, because in contrast to forelimb movements, trunk movements are barely represented in the motor cortex (Donoghue and Wise, 1982; Neafsey et al, 1986) , and indeed, it is believed that projections to the brain stem rather than to thalamo-cortical circuits are involved in basal ganglia control of locomotion and posture (Grillner et al, 2005) .
Current models of basal ganglia dysfunction predict that dopamine-agonist induced dyskinesia results from D1 receptor-mediated over-activation of striatal neurons projecting to the basal ganglia output nuclei (direct pathway) plus D2 receptor-mediated inhibition of striato-pallidal neurons (indirect pathway) (reviewed by Obeso et al, 2000; and Bezard et al, 2001) . These changes would release thalamo-cortical and brain stem circuits from tonic inhibition exerted by the basal ganglia output nuclei (Filion et al, 1991; Mitchell et al, 1992) . Our findings partially fit within this scheme. D2 family agonist inhibition of striatal activity could have escaped from MRI detection, and unselective dopamine agonists might have produced less striatal activation than D1/D5 agonists because of their action on D2 family receptors. In addition, dyskinesia involving the forelimb should be expected to involve contralateral motor cortex over-activation. But the neural mechanisms of dopamine agonist-induced dyskinesia are thought to essentially concern the indirect pathway (Crossman, 1990; Obeso et al, 2000) and our findings suggest a primary involvement of the D1 receptor regulated direct pathway. A primary involvement of D1 receptors and the direct basal ganglia pathway is suggested by other recent studies too (Aubert et al, 2005; Fiorentini et al, 2006) , and by the fact that D2 family agonists are less likely to induce dyskinesia in patients and animal models of PD than unselective and D1/D5 selective agonists (present findings; Gnanalingham et al, 1995; Blanchet et al, 1996; Pearce et al, 1999; Goulet and Madras, 2000; Nutt, 2000; Rascol et al, 2001; Lundblad et al, 2002; Monville et al, 2005) . A recent study established that levodopa-induced dyskinesia in the rat 6-OHDA model is related to increased synchronization of afferent activity to the basal ganglia output nuclei (Meissner et al, 2006) . Our present findings suggest that D1 receptor mediated over-activation of a sensitized direct pathway may contribute to driving this abnormal low frequency synchronization in the basal ganglia output nuclei and levodopa-induced dyskinesia.
Remarkably, in patients with peak-dose dyskinesia, acute levodopa has been reported to induced over-activation of the motor cortex during execution of voluntary hand movements (Rascol et al, 1998) and of the basal ganglia and motor cortex at rest (Brooks et al, 2000) . Indeed, the severity of involuntary arm and hand movements correlates with increases of regional blood flow measured with PET in the contralateral motor cortex and basal ganglia (Brooks et al, 2000) . Importantly, levodopa-induced over-activation of the motor cortex was not observed in drug-naïve hemiparkinsonian patients (Buhmann et al, 2003) . Overall, these findings suggest that the effects of repeated administration of dopamine agonists on BOLD responses and the correlations between behavior and brain activation reported here could be related to the mechanism of levodopainduced peak-dose dyskinesia in PD.
